Mating stimulates the rate of egg-laying by female insects. In Drosophila melanogaster this stimulation is initially caused by seminal fluid molecules transferred from the male (Acps or accessory gland proteins; reviewed in [1-3]). Egg-laying is a multi-step process. It begins with oocyte release by the ovaries, followed by egg movement down the oviducts and the deposition of eggs onto the substratum. Although two Acps are known to stimulate egg-laying [4,5], they were detected by assays that do not discriminate between the steps of this process or allow examination of its earliest changes [4] [5] [6] [7] . To determine how egglaying is regulated, we developed a generally applicable assay to separate the process into quantifiable steps, allowing us to assess the ovulation pattern and rate of egg movement. As the steps are interdependent yet potentially subject to independent controls, we determined the contribution of each step and effector independent of the others. We used a statistical method [8,9] that separately considers and quantifies each 'path' to a common end. We found that the prohormone-like molecule Acp26Aa [5,10] stimulates the first step in egg-laying -release of oocytes by the ovary. During mating, Acp26Aa begins to accumulate at the base of the ovaries, a position consistent with action on the ovarian musculature to mediate oocyte release. Understanding how individual Acps regulate egg-laying in fruitflies will help provide a full molecular picture of insects' prodigious fertility, of reproductive hormones, and of the roles of these rapidly evolving proteins [11, 12] . 
The position and the number of eggs in the genital tract differ between virgin and mated females, even at short times post-mating. By 1.5 hours post-mating, oocytes released from the ovary start to move into and through the lateral oviducts, towards the common oviduct and external opening of the genital tract. Eggs could be found in all regions. At this time, 90% of mated females had at least one egg in their genital tract; most eggs were in the lateral oviducts (averaging 0.66 ± 0.06 eggs per female; Figure 1a ). At 6 hours post-mating, all females had eggs in their genital tracts (1.32 ± 0.16 eggs per female); 30% of females had more than one egg. More eggs were in the external opening of the genital tract (0.52 ± 0.18 eggs per female) than at 1.5 hours post-mating (0.1 ± 0.04 eggs per female). The increased number of eggs in the oviducts and external opening of the genital tract indicates a higher ovulation rate at 6 hours post-mating than at 1.5 hours. Whereas mated females showed increased ovulation, virgin females showed low ovulation with no significant change with time. At 6 hours after transfer to a new vial (timed as for the mated females), only 50% of the unmated females had an egg in their genital tract; all eggs were in the lateral oviducts ( Figure 1b) . The difference in ovulation pattern between virgin and mated females is significant (p < 0.0001). Thus, the number of eggs passing through the genital tract, and their position, can serve as outcome variables for tests of factors affecting ovulation.
Figure 1
Females mated to wild-type males show an increased ovulation rate relative to unmated females. (a,b) The ovulation pattern and rate of (a) females at 1.5, 3, 6 and 24 h after mating to Oregon R (WT) males or (b) virgin females aged in parallel was determined. LO, lateral oviducts; CO, common oviduct including the uterus; EO, external opening of the genital tract. The length of the bars shaded in black, grey and white represents the average number of eggs found in the LO, CO and EO, respectively; the total length of each bar represents the average number of eggs per female genital tract and no more than three eggs were ever observed in a single reproductive tract. (c) Schematic diagram of the female reproductive tract (modified from [27] ), showing the three different genital tract regions at which we assessed egg position. For each bar at each time-point, n = 50-60 females.
Acp26Aa is essential for release of oocytes by the ovary
Previous analysis of a null mutation in Acp26Aa showed that this protein is essential for the initial increase in egglaying after mating [5] . Although reproducible and significant, its effect on egg deposition was small (8-18%; [5] and our unpublished observations), probably because of the time period examined (24 hours post-mating), during which stored sperm also stimulate egg deposition [6, 13] , and potentially because of functional redundancy with other Acps [4] . Here, we compared the ovulation pattern and egg deposition characteristics of females mated to control males or to Acp26Aa 1 males, which lack Acp26Aa [5] . The number of eggs passing through the genital tracts of females mated to Acp26Aa 1 males was lower (0.2 ± 0.06 to 0.44 ± 0.1 eggs per female; Figure 2b ) than that in females mated to control males (0.56 ± 0.06 to 1 ± 0.2 eggs per female; Figure 2a ) at all time points examined. At 3 hours post-mating, only 40% of the females mated to Acp26Aa 1 males had an egg in their genital tract; half were in the common oviduct. In contrast, all the females mated to control males had at least one egg in their genital tract. Most eggs were in the lateral oviducts (0.51 ± 0.07 eggs per female) and at the external opening of the genital tract (0.32 ± 0.06 eggs per female). The fact that females mated to Acp26Aa 1 males had few eggs in their genital tract, and that those eggs were mostly in one region, indicates a low ovulation rate relative to controls. Since the experimental and control females were identical prior to mating, their difference cannot be due to preconditioning (for example, the number of eggs in the females' ovaries) and instead must be due to post-mating effects of Acp26Aa.
Although the numbers of oocytes released from the ovary into the genital tract of the experimental and control females were different, egg deposition by mates of Acp26Aa 1 males and control males initiated at the same time (3 hours postmating; Figure 2c ). At this time, females mated to Acp26Aa 1 males deposited 0.69 ± 0.3 eggs per female, whereas females mated to control males deposited 1.37 ± 0.3 eggs per female, consistent with the difference in the number of eggs in the oviducts of these two types of female.
To identify the specific stage(s) in the egg-laying process affected by Acp26Aa, we performed path analysis on the data ( Figure 3 ; see details in the Supplementary material). Mates of Acp26Aa 1 males were specifically defective in the stimulated release of oocytes by their ovaries. The odds of finding an egg in the lateral oviducts (the probability of finding an egg divided by the probability of not Females mated to males lacking Acp26Aa release fewer oocytes from their ovaries and deposit fewer eggs at all times on the first day postmating. The ovulation pattern and rate of females mated to (a) control (Acp26Aa + ) males or (b) Acp26Aa 1 males was determined at different times post-mating. Mates of Acp26Aa 2 males, which produce a truncated but functional Acp26Aa [5] , ovulated like mates of control males (data not shown). The control males were from a line that had been backcrossed to the Df(2L)PM101/CyO stock [5] and are not the same as those used in Figure 1 ; we believe this caused the small differences between these figures. LO, lateral oviducts; CO, common oviduct including the uterus; EO, external opening of the genital tract. The length of the bars shaded in black, grey and white represents the average number of eggs found in the LO, CO and EO, respectively. (c) The average number (± SEM) of eggs deposited in the holding vials by females mated to Acp26Aa 1 males or control males. The asterisk indicates a significant difference (p < 0.033) between alleles. For each bar at each time-point, n = 50-87 females.
Figure 3
The lack of Acp26Aa in male seminal fluid had the highest effect on the presence of an egg in the lateral oviducts. Path diagram illustrating the longitudinal model for the combined effects of Acp26Aa allele (Acp26Aa 1 , males lacking Acp26Aa; Acp26Aa + , control), contribution of time post-mating and presence of an egg in an anterior region on oocyte release, on finding an egg in the nextmore-posterior regions and on egg deposition. Time post-mating was divided into two categories: short post-mating periods (1.5 and 3 h after the start of mating), which include the beginning of egg deposition, and long post-mating periods (6 and 24 h after the start of mating), when females are continually depositing eggs. Arrows represent cause-and-effect relationships. The number by each arrow is the odds ratio determined by logistic regression for the different regions of the genital tract. The coefficient for egg deposition was determined by linear regression (SPSS 8.0 for Windows); a negative number indicates fewer eggs deposited. The odds ratio represents the probability of observing an egg under one condition relative to that under another; for example, for an Acp26Aa allele, an odds ratio above one means a higher probability of having an egg present for Acp26Aa 1 mates than for Acp26Aa + mates. An asterisk by the numbers indicates a significant difference.
finding an egg) are 8.9 (1/0.11) times lower in females mated to males lacking Acp26Aa than in those mated to control males that provide Acp26Aa (p < 0.00001). In contrast, lack of Acp26Aa had no effect on the odds of finding an egg in the common oviduct (odds ratio = 1.04). It did significantly (p < 0.0035) decrease the odds of finding an egg in the external opening of the genital tract (odds ratio = 0.30), but this difference was threefold smaller than the effect on the lateral oviducts (0.11 vs. 0.30). The strong effect of Acp26Aa on release of oocytes into the lateral oviducts probably causes, as a secondary consequence, the difference in egg numbers seen at the external opening of the genital tract and, in turn, the decreased number of eggs deposited by females mated to Acp26Aa 1 males (averaging 2.95 fewer eggs than deposited by mates of control males; p < 0.02). The lower rate of oocyte release in females mated to Acp26Aa-deficient males is not likely to be due to 'negative feedback' from eggs in the more posterior part of the genital tract because we see no accumulation of undeposited eggs in these females, and they begin depositing eggs at the same time as mates of controls. Factors independent of Acp26Aa (time postmating, presence of eggs in previous oviduct regions) affected egg-laying differently from Acp26Aa allele; see the Supplementary material for details. For example, there was no effect of time post-mating on the odds of finding an egg in the lateral oviducts. Instead, time affected the odds of finding an egg in the common oviduct -3.46 fold greater at short post-mating times, probably because of females 'holding' eggs prior to depositing them. Thus, our data indicate that Acp26Aa modulates the earliest step in the egg-laying process -the release of oocytes by the ovary. We propose that Acp26Aa be called 'ovulin' to reflect this biological function.
Acp26Aa enters the female genital tract 3 minutes after mating begins [14, 15] . About half of the amount transferred remains in the female's genital tract, where it undergoes sequential cleavage consistent with release of bioactive peptides from a prohormone precursor [14, 16] . The remainder enters the female's hemolymph [16, 17] , from where it can access the outside of the genital tract and neural [17] or endocrine [18] targets that can stimulate egg laying. Thus far, we have been unable to detect a specific non-genital-tract target of Acp26Aa. If such a target exists, it (or the number of Acp26Aa molecules bound to it) must be very small or transient.
In genital tracts of females mated to wild-type males, Acp26Aa showed consistent localization to the cells at the base of the ovary from mid-mating (10 minutes; Figure 4a ) until 80 minutes after the start of mating (Figure 4b ). Neither females mated to Acp26Aa 1 males (Figure 4c ) nor virgin females (data not shown) showed this staining. Other Acps examined (26Ab, 62F and 63F) did not localize to this position (data not shown). Acp26Aa was also seen at the lumenal junction of the lateral and common oviducts and in lateral oviducts (Figure 4a ). Lumenal Acp26Aa is probably en route to the base of the ovary, though it is also possible that Acp26Aa acts at the oviduct wall. The localization of Acp26Aa to cells at the base of the ovary, and its time of action, suggest that Acp26Aa may act locally to stimulate oocyte release. It does not rule out that Acp26Aa might have an additional effect via the neuroendocrine system. Protein database searches (BLASTP, version 2.08) [19] revealed 46% identity between two regions of D. melanogaster Acp26Aa (residues 120-137 and 154-188) and califin C of Aplysia californica (see Supplementary material). The Aplysia hormone is released from the atrial gland into the reproductive tract, where it can stimulate release of a related egg-laying hormone (ELH), resulting in oocyte release [20] . The similarity of Acp26Aa to califin C is stronger than its similarity to ELH [10] and, though below statistical significance, warrants further consideration given the similar biological roles and formally analogous localization of Acp26Aa and califin C. Although Acp26Aa and ELH family members appear to be under positive Darwinian selection [11, 12, 21] , these Brief Communication 101
Figure 4
Acp26Aa localization in immunostained whole-mount genital tracts of mated females, viewed with epifluorescence (upper panels) to show Acp26Aa antibody staining or phase contrast (lower panels) to show tissue structure. Reproductive tracts of females dissected at (a) 10 min or (b) 80 min after the start of mating with Canton S males or (c) 20 min after the start of mating to an Acp26Aa 1 male. OVA, ovaries; LO, lateral oviduct; CO, common oviduct; UTE, uterus. The scale bar represents 150 µm for all panels. Note that Acp26Aa localizes to regions at the base of the ovary (arrows), demarcated by the basal side of the oocytes at 10 min and 80 min, and in the lumen of the junction between the lateral and common oviducts (arrowhead).
intriguing similarities between Acp26Aa and califin C suggest that some of their actions might be analogous.
Using a new assay, we have shown that the D. melanogaster seminal fluid protein Acp26Aa ('ovulin') is essential to stimulate, possibly locally, the release of oocytes by the ovary following mating. Another D. melanogaster Acp, Acp70A ('sex peptide') can stimulate egg-laying upon injection or ectopic expression [4, 7] . Moshitzky et al. [22] proposed that during mating, sex peptide enters the female's hemolymph and stimulates production of juvenile hormone III-bisepoxide. This hormone stimulates oogenesis by inducing uptake and synthesis of yolk proteins by the ovary [23, 24] . Sex peptide can thus increase the number of oocytes available for ovulation. Our results show that Acp26Aa regulates a separate, but similarly crucial, step -the release of stage 14 oocytes from the ovary. Acp26Aa action increases egg deposition and also clears the ovaries of their buildup of stage 14 oocytes, releasing oogenesis from feedback inhibition. We suggest that these two molecules act synergistically by affecting different steps in the egg-laying process -each can stimulate egg laying alone, but they are more efficient together.
Materials and methods
Three-day-old Oregon R females were mated to the indicated males as described by Herndon and Wolfner [5] . At 1.5, 3, 6 or 24 h after the start of mating, female genital tracts were dissected on ice in Drosophila physiological saline [25] . We measured two parameters: ovulation pattern, the distribution of eggs in defined regions of the genital tract ( Figure 1 ) at a given time after mating, which was determined by scoring the presence or absence of eggs at each region and time; and ovulation rate, describing the movement of eggs down the genital tract, which is determined by examining the number of eggs in each region and the total number in the genital tract at each time. We also measured egg deposition by counting the number of eggs in the holding vials at each time-point by each female. Path analysis was performed [8, 9] to evaluate the effects of Acp26Aa and time post-mating on ovulation and egg deposition. This statistical method, which examines several regression equations simultaneously, also enabled us to analyze the effect of egg presence in one region on the likelihood of finding an egg in the next more posterior region. Details of the method are in the Supplementary material and legend to Figure 3 .
Whole reproductive tracts dissected from wild-type Canton S females that were unmated or had been mated to control or Acp26Aa 1 males were treated for immunohistochemistry with affinity-purified antiAcp26Aa antibodies [10] by minor modifications of standard procedures [15, 26] . Stained samples, in wells of depression slides to prevent squashing, were photographed using a Zeiss Axioskop fluorescence microscope with a rhodamine filter or under phase-contrast optics onto Kodak TMX-400 film.
Supplementary material
Supplementary material including the effects on the egg-laying process of time post-mating and egg position, a sequence alignment of Acp26Aa with califin C and additional methodological details is available at http://current-biology.com/supmat/supmatin.htm.
